w t h requent Am-Nai 1g t source an cosm1c ray measurements. e presen ere details of the system and of its performance during a nine-month experiment at SPEAR. The calibration constants, C.., were initially determined at t = 0 1 by using several 241 Am-Nai light sources which were themselves previously calibrated with several lead-glass counters in an electron beam at SLAC.
I. INTRODliCTION
The final determination of the calibration constants was done using
electrons from Bhabha scattering events (e e + e e ) obtained during
the first two months of data taking at SPEAR. These events provide electrons whose energy is equal to the beam energy and is thus wellknown. With this method the calibration constants are determined by minimizing the square of the energy resolution of the lead-glass counters for the Bhabha electrons, with the constraint that the average energy deposited in the counters is equal to the actual energy of the electrons.
The purpose of the LED monitoring system described in this paper is to monitor the normalized gain, G.(t), of each lead-glass counter l.
as a function of time during the nine-month life of the experiment.
An accurate knowledge of the normalized gains is crucial both to the measurement of the counter calibration constants (since they are determined from Bhabha events over a long period of time), and to the maintenance of good energy resolution and accuracy of the whole leadglass system throughout the experiment.
The criteria we had in mind when designing the monitoring system were:
a) The system should monitor the normalized gains as a function of time with an accuracy of 2% or better in order not to degrade the energy resolution of the lead-glass system.
b) The system should be operated rapidly under complete 'Computer control in order to make it fast and easy to use and safe from human error.
c) The light levels delivered to the counters by the system should be comparable to those actually produced in the experiment (equivalent to electrons having an energy of a couple of GeV), so that the gains of A general description of our monitoring system which satisfies the above criteria is given in Section II of this paper and a detailed description of its components is given in Section III. Results of its performance during our experiment at SPEAR are given in Section IV, and show that it maintained the absoiute calibration and energy resolution of the lead-glass system to an accuracy of 1~2% under actual running conditions over a nine-month period.
II. GENERAL DESCRIPTION OF THE MONITORING SYSTEM
The monitoring system is shown schematically in Figure 1 . The light from a single high-intensity light-emitting diode (LED) is transmitted by low-attenuation plastic optical fibers to each of the leadglass counters and to three additional reference scintillation counters.
These reference counters also have permanently attached 241 Am-Nai light sources.
Only one of the reference counters is used in measuring the gains of the lead-glass cotmters. The two others are spares which are used for internal checks of the system.
. .
In this system the average LED pulse height of each lead-glass counter is measured relative to the average LED pulse height of the reference cotmter while the absolute gain of the reference counter is measured
Am-Nai source. By comparing t ese measurements to t ose o an
earlier time one can thus easily calculate how much the gain of each lead-glass counter has changed. The stability of the source on the reference counter is periodically checked using cosmic rays which.
pass through the ·s·cintillator of the reference counter.
During a monitoring run at time "t":
1) LED pulse height spectra are taken for all the counters, including the reference counter (RC), and the mean of each spectrum is calculated ("LED MEAN").
2) A 241 Am-Nal source pulse height spectrum is taken for the reference counter (RC) and the mean of the spectrum is calculated ("SOURCE MEAN") .
3) The pedestals of the ADC' s are measured ("PED").
These three items are then used to calculate the gain, G., of lead- 
The gain, G.(t), is normalized so that it equals'l.O at t = 0, which 1 was when the lead-glass counters were initially calibrated. It is seen that G.(t) is independent of any long term drifts in the LED light
intensity and is independent of any gain changes in the reference counter (RC).
For G.(t) to'be an accurate measure of the gain of a lead-glass l.
counter it is seen from Equation 2 that the following conditions must be satisfied:
a) The ratio of source pulse height to LED pulse height for the reference counter must be independent of gain changes of the reference counter.
b) The relative fraction of LED light seen by the lead-glass counter and the reference counter must be constant in time.
c) The intensity of light from the radioactive source must be constant in time.
The results presented in Section IV will show that the first two conditions have been met. As will be explained later, we did have problems with source stability, but we were able to detect those problems rapidly and compensate for then. The monitoring system also contains a wheel of twelve neutral ..
I 6 9 -7-density filters which can be used to vary the amount of LED light seen by the cotm.ters. This is useful for measuring the linearity of the photomul tiplier-ADC. system.
III. DETAILED DESCRIPTION OF THE MONITORING SYSTEM COMPONENTS A. LED Pulser
A simple 60 Hz mercury relal line pulser is used to drive the LED.
The DC voltage applied to the pulser is 100 volts and a 10 ohm, 32 ns charging line is used. The output impedance is approximately matched to 10 ohms by putting a 1 ohm resistor in series with the LED. Thus the current pulse applied to the LED has an amplitude of S amps and a width of 64 ns. The pulser can be turned on and off manually or by the computer and has .a timer which will shut it off automatically after a preset time in order to conserve the life of the LED and the mercury relay. The pulser is free-running and part of the main pulse is picked off and sent as a trigger pulse to the electronics and computer.
B. Light Emitting Diode. (LED)
As outlined in Section II, a light source is needed whose distribution is such that the relative fraction of light seen by the lead-glass counters the edge of our bundle of optical fibers, as is seen in Figure 1 ). Its rated peak forward current is 5 amps, which is the amplitude of our driving pulse, and we have even operated this LED with 20 amp pulses for short periods of time.
The LED was quite reliable. As will be seen below, the intensity 
D. Optical Fibers
We chose DuPont PFX 0715 plastic optical fiber cables 8 to transmit the LED light to the counters because of their low attenuation and relatively low cost. We use fiber cables that are 10-17 feet long and the transmission is 84-74% at the wavelength of our LED (5850 angstroms).
Each optical fiber cable is made up of seven optical fibers covered with a jacket of opaque polyethylene, and thus care had to be taken with the coupling at each end of the fiber cable.
To prepare the end of the cable in the light distribution box (see Fig. 1 ) each optical fiber cable had its outer plastic jacket stripped away for about 8 inches and the bare optical fibers were strung through a 2 inch long, 1 inch diameter phenolic cylinder. A tension of 2 pounds was applied to each fiber, so that they were as straight as possible in the cylinder. After all the fibers were strung, the cylinder was filled with 9 epoxy . After the epoxy cured the end of the cylinder was cut off and hand polished. It is this polished bundle of tightly held fibers which is illuminated by the LED light. It was necessary to epoxy together the bundle of fibers to insure that the relative fraction The optical fiber cables are coupled to the lead-glass counters . While operating the monitoring system for a year 2 of the 318 optical fiber cable connectors became separated from the prisms because of a failure in the epoxy bond. This problem can be cured by putting less stress on the optical fiber cables (and thus the connectors), or by making the prisms larger and thus providing a larger surface to which to epoxy the connector.
E. Reference Counters
The reference counters (see The LED light is coupled to the reference counter phototubes through polished lucite light guides. The optical fiber cables are attached to the lucite using the same connectors as those described in the last section for the lead-glass blocks. The lucite, like the scintillator, is held against the phototube just with pressure.
The radioactive sources on the reference counters are hermetically sealed thallium--activated sodium iodide (Nai) scintillation crystals diffused with an alpha emitter, 241-Americium. 14 These light sources are mounted on the end of the lucite light guides so that the LED and source illuminate approximately the same part of the photocathode surface. We found that some of the 241 Am-Nai sources were quite unreliable -12-because the Nal crystals in these sources turned yellow, causing a decrease in the light intensity from the source. This yellowing was presumably due to moisture contamination of the Nal crystals, which could occur if the seals of the crystal holder deteriorate.
Because we were able to check one reference counter against another, and also because we could check the source signals against the cosmic ray signals, we were able to detect rapidly that the sources on the reference counters were turning yellow and were able to replace them.
F. Computer Control
The entire monitoring system is run under the complete control This was found to be valuable for checking long term drifts in the gains of the counters.
In addition to displaying the gain history of any counter, one is also able to display histograms of the latest gain, LED mean, or pedestal as a function of counter number, and also display the full pulse height distributions of selected counters.
A typical moni taring run doing :the above tasks takes less than two minutes of real time, and is usually done by the computer without outside intervention. A monitoring run is usually done once during each eight hour data-taking shift, and also after any changes to the counters or the ADC's.
IV. PERFORMANCE OF THE MONITORING SYSTEM
A. LED Light
In Figure 2 we see the distribution of pulse heights from a typical lead-glass counter in response to the LED light. The mean of the pulse height distribution is at 360 ADC channels, which corresponds to an equivalent electron shower energy of 1.6 GeV. Thus it is seen that the amounts. This variation of LED light from counter to counter is not a serious problem for the system, however, as its function was to monitor the lead-glass counters for gain changes rather than calibrate them absolutely.
The LED was quite reliable and very stable during the nine-month life of the experiment. In Figure 4 we see the average LED light for all counters shown in Figure 5 . We see that the mean source pulse height (and thus the gain) of the reference counter increased by 45% when the voltage was increased from 1120 to 1180 volts. However, the ratio of the mean source pulse height to the mean LED pulse height varied by less than 0.5% during this time, indicating that the above requirement has been well satisfied.
C. Precision of the Gain Measurement
To determine the precision with which the monitoring system measures the gains of the lead-glass counters two monitoring runs were done a few minutes apart and the gains of the counters from the two runs were compared. The results are presented in Figure 6 , in which we see the distribution of the percentage difference between the gains from the two consecutive monitoring runs for all the counters. The mean and sigma of this distribution are -0.02% and 0.3% respectively, were entering the lead-glass wall during our experiment at SPEAR. For each of these electrons the energy in the lead-glass counters is calculated using Equation 1 . The distribution of this energy divided by the electron's momentum is shown in Figure 7 , for the two periods of time.
The curves are Gaussian fits to the histograms. It is seen that:
for t = 1 week mean = 0.995 ± 0.003 sigma = (6.2 ± 0 . .2)% mean for t = 33 weeks mean = 1.002 ± 0.002
We see that the means of the energy distributions are the same within 1%.
We also see that any effects tending to increase the width (and thus energy Another way to measure tPe overall performance of the monitoring system is to compare, for a particular counter, the measurement of its gain using the mon;_toring system to a direct measurement of its gain using a source. Since the extra reference counters (which are not used to calculate the gains in the monitoring system) have sources on them, this comparison can be made for them. In Figure 8 we see the ratio of a spare reference counter's gain as measured with its source to its gain as measured with the monitoring system, as a function of time. The ratio has been normalized to 1.0 at t = 0, and the ordinate has a suppressed zero. It is seen that except at t = 6-8 weeks, this ratio is constant When we first designed the monitoring system we thought that the intensity of the LED light might change appreciably with time, so we in-
Am-Nai 11· ght. sources c u e 1n t e system t e re erence counters w1t which we thought would be very stable with time. As we described in this paper, the situation turned out to be the opposite: the LED light was very stable but the radioactive light sources yellowed and had to be replaced. If we were to redesign the monitoring system :for another simi! ar experiment, we would probably rely more on the stability of the LED light.
We would still include a means of verifying that there are no long term changes in the LED light though, but we wouldn't use the 241 Am-Nai light sources unless new ones were proven to be stable. Instead of the light sources we would use the Bhabha scattering electrons of known energy in the lead-glass system to check on the average LED light intensity, or we would try to find a direct means of measuring the LED light independent of the lead-glass counters (perhaps using a sensitive photo diode).
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